We investigate the oxidation of nanocrystalline aluminum surfaces using molecular dynamics (MD) simulations with the variable charge model that allows charge dynamically transfer among atoms. The interaction potential between atoms is described by the electrostatic plus (Es + ) potential model, which is composed of an embedded atom method potential and an electrostatic term. The simulations were performed from 300 to 750 K on polycrystalline samples with a mean grain size of 5 nanometers. We mainly focused on the effect of the temperature parameter on the oxidation kinetic. The results show that, beyond a first linear regime, the kinetics follows a direct logarithmic law (governed by diffusion process) and tends to a limiting value corresponding to a thickness of $ 3 nm. We also characterized at 600 K the effects of an external applied strain on the microstructure and the chemical composition of oxide films formed at the surface. In particular, we obtained a partially crystalline oxide films for all temperatures and we noticed a strong correlation between the degree of crystallinity of the oxide film and the oxidation temperature.
Introduction
Metal/oxide interfaces play critical roles in many applications, such as structural or functional materials in materials science, microelectronics, chemical and biomedical applications. In materials science for instance, the following technological materials are based on metal/oxide interfaces: functional ceramics with metals (cermets), oxide dispersion-strengthened alloys, oxide coatings on metals functioning as thermal barriers or natural corrosion protection layers. This is in particular the case of oxide passive films formed spontaneously on aluminum and aluminum alloys, which protect the surface against further oxidation and corrosion. Also, because of their specific physical properties (i.e. large dielectric constant and height barrier for electron tunneling), aluminum oxides are promising candidate for gate dielectrics in the nanoscale CMOS technology, magnetic tunneling junctions, magnetic sensors, magnetic storage devices and solid-state memory, etc. [1] [2] [3] . At the same time, significant progress has been made to understand the combustion of nanoaluminum powders and the highly exothermic reaction of fine-grained aluminum particles (size o100 nm) with oxygen because of their use as potential additives to propellants for rockets [4] [5] [6] [7] [8] [9] . For all these applications, it is crucial to understand the physicochemical processes, which control the reactivity of the metallic substrate and the thickness, morphology, chemical composition and microstructure of the oxide film [1] .
The development of numerical studies of metal/oxides interfaces as well as oxide growth on the top of metals have required the development of a new class of interaction potential such as, for example, the variable charge method proposed by Streitz and Mintmire [10] , which is often referred as the (Es+ ) potential. This last combines an embedded atom method (EAM) potential and an electrostatic term to model the metal-metal, oxygen-oxygen and metal-oxygen interactions. The EAM contribution is predominant in the metallic region whereas the coulombic potential is used to model the ionic interactions within the oxide. It was initially fitted to model several properties of metallic aluminum (Al) and alpha alumina (a-Al 2 O 3 ), which is the only thermodynamically stable Al oxide. Later, Streitz and Mintmire [11] also showed that the (Es+ ) potential was able to describe the gamma alumina (g-Al 2 O 3 ) structure with a reasonable degree of accuracy. This last point is of importance in the framework of the present study as high temperature oxidation of aluminum usually leads to the formation of transition alumina depending on the temperature.
Initially designed to simulate the properties of one metal (namely Al) interacting with oxygen, the Streitz and Mintmire potential was recently extended/modified to simulate many metals (Ti, Zr, Fe, Ni, Co, etc) and alloys [12] [13] [14] [15] [16] [17] [18] . It was used to study nanocrystalline metal-oxide properties [16] [17] [18] or processes involved in the oxidation of metallic substrates [12, 13, [19] [20] [21] [22] . In this last case, the capability of the interatomic potential to determine the atomic charges on atoms due to its local environment was used to model the chemical reactions (bond formation and bond breakage) between a metal and an oxygen gas within a molecular dynamics simulation.
Recently, a new approach [23] was developed to solve one deficiency of the afore-mentioned variable charge models, which were found to weakly describe the iono-covalent nature of the metal-oxygen bonding. For example, they lead to underestimation by 30% of the calculated formation energy of an oxygen vacancy. This new generation of variable charge models incorporates new physics through a tight binding analytical model [24] and gave very satisfactory results for ZrO 2 and TiO 2 polymorphs. It looks very promising for the development of the future simulation of metal/oxide systems.
Oxidation of Al nanoclusters [19, 20] or single-crystal surfaces of Al [21, 22] for pressure ranging from 10 to 40 times the normal state were studied by variable charge molecular dynamics (VCMD) approaches. Under their oxidation conditions, these works clearly characterized the formation of an amorphous oxide layer. They reported a growth mechanism proceeding by both anionic and cationic diffusions and a direct logarithm relationship for the oxidation kinetic. Note that these VCMD simulations never permit to characterize the formation of a well crystalline oxide film.
On the other hand, experimental investigations on the high temperature oxidation of pure aluminum surfaces are difficult to perform due to the very high reactivity of Al with O and the presence of the native protective alumina scale. Surface preparation under high vacuum conditions is required and in-situ experimental techniques have to be conducted under very low oxidation pressure. Many experiments on bulk aluminum surfaces were developed by Jeurgens et al. with XPS and Auger spectroscopy. These studies were performed at very low oxidation pressure ( $ 10 À 4 Pa) and mainly focused on the reaction kinetic, the composition and the structure of the alumina scale as a function of the temperature. That is (i) at low temperatures (To573 K), an amorphous and Al-deficient (as compared to gAl 2 O 3 ) thin oxide film (o5 nm) is formed; (ii) at higher temperatures (TZ673 K), during the initial fast oxidation stage an Al-enriched amorphous oxide film is obtained and during the second slow oxidation stage the films gradually reach the stoichiometric composition and the crystalline structure of a- [25] [26] [27] [28] [29] .
In the present approach, we studied the oxidation under a constant molecular oxygen density (1 atm) of a polycrystalline Al substrate with a mean grain size of 5 nm. We focused on the relation between the growth kinetics and the evolution of the chemical composition, by studying the structure of the developing oxide scale. In order to compare with the existing experimental results of Jeurgens et al., we used the same range of oxidation temperature (i.e., 300, 600 and 750 K). Moreover, to highlight the influence of an applied strain on the oxidation mechanisms, one atomistic system was oxidized at 600 K after a uniaxial deformation ( +7%).
Computational methods
We used the variable charge molecular dynamics method (VCMD) originally proposed by Streitz and Mintmire [10] for Al-O systems. In this formalism, the inter-atomic potential is a sum of the electrostatic and Finnis-Sinclair embedded atom potentials and allows the atomic charges to vary dynamically in response to changes in the local environment of the atoms. The variable charge approach determines atomic charges at each molecular dynamic step in such a way that the electrostatic potential energy is minimized, with the charge-neutrality constraint, i.e. the sum of the atomic charges is equal to zero. This condition is equivalent to the electronegativity equalization principle, which requires that each atoms, aluminum (Al) and oxygen (O), have an equal chemical potential.
The VCMD code used in this approach is developed by the ''Collaboratory for Advanced Computing and Simulations'' group at the University of Southern California [20] . It is highly parallel and allows simulating of million atoms metal-oxide systems. To speedup calculations, state of the art techniques are implemented: multiple time steps, multilevel preconditioned conjugate gradient method, fast multipole method and domain decomposition approach are used to implement the MD algorithm on parallel architectures [30] [31] [32] .
The initial Al polycrystalline sample is a cube of size 10.256 nm containing 62 932 atoms. The bulk polycrystalline system was created at 0 K by using a procedure analogous to the one used to obtain Voronoi cells (Fig. 1a) . It was then thermalized by successive jumps of 50 K until the desired temperature using Noose-Hoover thermostat chain [33] . The slab geometry is then created by incorporating in the simulation box two vacuum slabs along the Z-direction while periodic boundary conditions are imposed along X and Y-axis. For more details about the sample preparation procedure, the reader should refer to [34] . The final dimension of the simulation box is Z= 15 nm and X= Y= 10.256 nm (Fig. 1b) . Our MD simulations were performed using a constant oxygen molecular density equal to the normal state P 0 (1 atm) above the Al polycrystalline surface. Every MD steps, the number of oxygen atoms present in the gas is examined and if this number is less than the imposed value, then new oxygen molecules (with a velocity equal to the oxidation temperature) are randomly introduced into the region above the Al surface in order to maintain the molecular oxygen density constant. During the oxidation stage, only Al atoms belonging to the lower 0.7 nm part of the polycrystalline substrate (Fig. 1b) were kept thermalized using the thermostat. The constrain on the other Al atoms was removed and their kinetic energy (temperature) was free to evolve during all the oxidation process [35] .
We integrated the equation of motions using a multiple time step algorithm in which the MD time step is dt= 1 fs for shortrange forces and dt= 5 fs for long-range forces. As the calculation of charges is the most consuming part of VCMD, the local atomic charges are only calculated every 100th time steps. That is, after their updates the charges are kept constants during the following 99 steps to compute the forces and energies. A cutoff radius of 0.6 nm was used to compute the Finnis-Sinclair potential.
The strain samples were created by following a procedure, which gave satisfactory results to study the multilayer surface relaxation of Al single-crystals [36] or the formation of surface roughness on strained polycrystalline Al substrates [34] . It consists of a direct deformation of the sample to the desired length. That is, we rescaled instantaneously the positions of the atoms along the Y-direction in order to obtain the required strain. The sample was then relaxed during 50 ps.
Results and discussion

Kinetic law
The kinetic curves obtained for all systems (unstrained: 300, 600 and 750 K; strained: 600 K) are plotted on Fig. 2 . In this figure, the y-axis represents the evolution of the number of oxygen atoms introduced into the simulation box per unit surface area (nm 2 ). It can be assimilated to the variation of sample weight measured experimentally (Fig. 2a) . The thickness of the oxide film is determined by calculating the difference between the mean position in the Z-direction of the ten highest Al atoms (near the gas/oxide interface) and the ten deepest oxygen atoms (at the metal/oxide interface). As one can notice, Figs. 2a and b are similar to the classical representations obtained during high temperature oxidation experiments: sample weight gain/loss and film thickness evolution.
The kinetic curves presented in Fig. 2a show identical behaviors for all oxidizing conditions. They can be divided into two parts: a first linear law followed by a direct logarithmic relationship. According to the oxidation theory and heterogeneous kinetics [37] [38] [39] [40] , during the linear part the interfacial processes (dissociation of oxygen molecules, sorption of oxygen atoms and Al-O reaction) are predominant. Indeed, at the beginning of the oxidation, the oxygen atoms react directly with Al substrate and the rate of this reaction governs the global kinetic. As presented in Fig. 2a , the linear law is available until around 1 ns of oxidation and corresponds to an oxide thickness of $ 1.5 nm (Fig. 2b) . After this point, the oxygen atoms do not have direct access to Al substrate but at first have to cross the oxide film, which acts as a barrier. So, this second kinetic part of the oxidation is controlled by diffusion of atomic species (oxygen and aluminum) through the film.
As two different processes occur during oxidation, we analyzed the kinetic curves using a comprehensive law combining linear and logarithmic/exponential terms:
In this expression, t is the oxidation time, N/S is the number of oxygen atoms per unit area in the oxide film, K l and K log are the linear and logarithmic constants, respectively and D and E are the mathematical parameters. Such combination of kinetic laws is rather standard when different processes occur during oxidation (the best example is the well-known linear-parabolic relationship) and is detailed in textbooks on high temperature oxidations [37] [38] [39] [40] .
The numerical fitting of kinetic curves using Eq. (1) is reported in Fig. 3 . We can observe an excellent fit of the oxidation kinetic by the comprehensive law: for low values of N, the linear law is predominant and then, with increase in N, the logarithmic law becomes majority. The parameters obtained from the numerical fitting are given in Table 1 . As one can notice, K l , which is the slope of the linear part remains almost constant for all oxidizing conditions. Therefore, sorption phenomena of oxygen are not modified by oxidation temperature or applied strain. On the other hand, K log increases with temperature and applied strain. Therefore, the diffusion of atomic species is facilitated by increasing the motion of atoms (temperature) and the interatomic distances (deformation). The activation energy, which can be deduced from the Arrhenius plots (ln(K log ) versus 1/T), was estimated at 1.3 kJ mol . This value is rather low compared to experimental results ranging from 9.5 to 238 kJ mol À 1 for the oxidation of bulk Al or nanoparticles ( $50 nm) [7] [8] [9] . This difference might be explained by the very high reactivity of our samples induced by their small nanocrystalline microstructure (5 nm grains), their total purity and the absence of a protective alumina scale at the surface of the sample. Finally, we note that the growth processes proceed almost exclusively by anionic migration (internal movement of oxygen anions through the oxide to the metal substrate). The presence of the two kinetic regimes is corroborated by previous studies from Hasnaoui et al. [21, 22] on the oxidation of single-crystal Al surfaces. Indeed, these authors mentioned a short ''transition'' initial stage before the direct logarithmic law. Based on the present work, we are now able to conclude that the ''transition'' stage observed by Hasnaoui et al. was linear and governed by interfacial processes.
Concerning the oxide film thickness represented on Fig. 2b , we can observe an increase with the temperature until $ 3 nm. This agrees well with the value of 5 nm reported by Jeurgens et al. [27] with in-situ XPS and Auger spectroscopy. Furthermore, small variations in thickness are observed after 1 ns for 600 and 750 K. We observed a layer by layer growth mode for the oxide film at 300 K. At higher temperature, the growth of the oxide is less uniform and leads to fluctuations observed in Fig. 2b . Furthermore, microstructural changes in the oxide film can also produce this behavior. This last will be developed in the next section.
Chemical composition
As suggested above, the morphology and the composition of oxide films seem to vary with the temperature. To clarify the changes in composition, the fractions of aluminum, oxygen atoms and various atomic densities have been calculated at the end of each oxidation. In order to avoid any spurious effect due to the interfaces, which are too concentrated in aluminum or oxygen atoms, the calculations are performed between 0.5 nm under the oxide/gas limit and 0.5 nm above the substrate/oxide limit. It corresponds to the middle part of the oxide film. The obtained values are reported in Table 2 and are discussed below.
Concerning the temperature, an increase in the aluminum atomic fraction in the oxide film is observed between 300 and 600 K (and consequently a proportional decrease in the oxygen fraction). Moreover, the Al atomic density decreases slightly with temperature whereas the O atomic density decreases strongly. As a consequence, the total density is decreasing between 300 and 600 K. To resume, the increase in the oxidation temperature induces an increase in the kinetic law and produces oxide films, which are less dense and enriched in Al. Concerning the oxide film formed at 750 K, the composition is similar to the one formed at 600 K but the density is different. It indicates that the microstructure changed between 600 and 750 K. This point will be studied in more detail afterwards. Table 2 Evolution of atomic fractions and atomic densities in oxide films formed at 300, 600 and 750 K, and after deformation (+ 7%). Concerning the applied strain ( + 7%): we noticed a slight increase in the O fraction and a strong increase in the O atomic density in the oxide film. In our point of view, these observations are due to the increase in the inter-atomic distances (Al-Al), which facilitates the insertion of O atoms in the substrate.
Microstructure characterizations
The temperature of the oxide film was computed as a function of time and is shown in Fig. 4 . First, we observed a slight decrease in the temperature until the oxide scale covers completely the surface. After this very short transition regime, a great increase in the temperature in the oxide is observed until $ 1.5 ns. This phenomenon corresponds to the linear kinetic law determined previously (sorption process). After 1.5 ns, which corresponds to the beginning of the logarithmic kinetic law (diffusion processes), the temperature of the oxide films reaches a maximum and then decreases very slowly with time. So, the evolution of the oxide temperature can be associated with the number of oxygen consumed. The oxidation reaction of Al is highly exothermic ( À 1675kJ mol À 1 ) and, therefore, leads to a great increase in the oxide film temperature (included between 1000 and 2000 K). These high temperatures will favor the formation of crystalline Al 2 O 3 structures as it increases the atomic motion/rearrangement in the films.
Pair distribution functions (PDF) for the Al-O bonds have been calculated in the middle part of the oxide films in order to characterize their microstructure. As presented in Fig. 5 , many peaks are observed on the PDF and indicate the presence of longrange order (a partially crystalline structure). But, no clear difference can be seen between the different curves. Moreover, one cannot determine the crystalline microstructure of films from Fig. 5 . A second step consists in calculating the environment of each atom by applying a common neighbor analysis on Al and O atoms [41, 42] . The crystallographic structure of the thermodynamically stable alumina (a-Al 2 O 3 ) is based on a hexagonal network of O and Al atoms [43] . Therefore, as a first approach we used the percentage of oxygen atoms located in the hexagonal compact position (hcp) within the oxide as a criteria to characterize the crystallinity of the film formed at the Al surface. The results are reported in Table 3 . As one can see, the percentage of O in hcp positions increases with temperature and also by applying a strain on the metallic substrate. This last highlights an increase in the degree of crystallinity from $32% at 300 K to $ 43% at 750 K. Finally, the change in the microstructure between 600 and 750 K suggested previously is confirmed. However, many transition alumina exist-g, Z (cubic), y, y
w (hexagonal)-and the present study did not allowed us to determine which alumina polymorphs is present. In a forthcoming study, a more extended quantification of the ratios of tetrahedral AlO 4 and octahedral AlO 6 units will certainly help us to determine which alumina polymorph is formed during the simulation.
Concerning the polycrystalline microstructure, we did not observed a significant difference in the reactivity between Al atoms located in grains or in grains boundaries. Also, no preferential diffusion of the oxygen ions was observed at the grain boundaries.
Conclusion
We performed VCMD simulations on the oxidation of nanocrystalline aluminum between 300 and 750 K. The influence of an external applied strain was also studied at 600 K. This last permit us to obtain the corresponding kinetic curves and the formation of a thin oxide film, which was analyzed with a common neighbor analysis and with pair distribution functions. The kinetic curves show the formation of a film with a limited thickness of about 3 nm. Those curves can be divided into two regimes: a linear and a logarithmic. According to heterogeneous kinetics, these two regimes are governed by interfacial processes and diffusion, respectively. A comprehensive kinetic relationship permits us to compute the linear and logarithmic constants. The linear constant was found to be independent of the temperature and the applied strain. On the contrary, the logarithmic constant, related motion of the atoms in the oxide scale, increases with both temperature and strain. Also, an increased in the degree of crystallinity within the oxide was observed with temperature and strains. We did not observe any preferential diffusion at the grain boundaries in the polycrystalline substrate. Moreover, it is important to note that previous MD studies on single-crystal aluminum samples only reported the formation of amorphous alumina films. Here, we obtained the formation of a partially crystalline structure (42% of O atoms in hcp positions at 750 K). To our opinion, this might be related to the lower oxygen pressure (P =1 atm) used in the present approach as well as in the use of a large surface area, which reduces the border effects. Also the kinetic factor is crucial and in order to leave the atoms reorganize to obtain a well crystalline oxide, we will surely have to simulate much longer times.
